INTRODUCTION {#S1}
============

Enzymatic catalysis at the phospholipid membrane interface is vital for numerous fundamental biological processes including lipid metabolism and signaling^[@R1],[@R2]^. Many membrane enzymes are interfacial and access substrate directly from a lipid-water interface. Well-recognized enzymatic activities requiring membrane protein interactions include phospholipid hydrolysis and phospholipid-dependent acyl transfer. Both are often mediated by a catalytic mechanism derived from serine or cysteine proteases^[@R3],[@R4]^. Yet, the molecular basis for functional diversification and adaptation to alternative substrates by similar but distinct enzymatic mechanisms is incompletely understood. The main challenge in mechanistic and structural studies of membrane enzymes is the complicated nature of the lipid-enzyme interactions and their relationship to substrate binding and processing. Physiologically important members of the vertebrate N1pC/P60 protein family constitute excellent models to investigate the fundamental molecular mechanisms that govern interfacial catalysis.

In vertebrates, members of the N1pC/P60 multigene family of integral membrane proteins perform catalysis at the lipid membrane-water interface with phospholipids employed as substrates^[@R5]^. The human genome encodes six proteins that belong to this class of enzymes including lecithin:retinol acyltransferase (LRAT) and closely related HRAS-like tumor suppressors (HRASLS1--5), also referred to as LRAT-like proteins^[@R5],[@R6]^. LRAT is the main enzyme that catalyzes vitamin A (all-*trans*-retinol) esterification^[@R7],[@R8]^. Consequently, lack of LRAT activity causes poor retention of all-*trans*-retinol in peripheral tissues including the retinal pigmented epithelium (RPE), which leads to vitamin A deficiency and blindness^[@R7],[@R9],[@R10]^. HRASLS3 (also known as adipose-specific phospholipase or AdPLA) plays a dominant role in regulating lipolysis in white adipose tissue^[@R11]^. By controlling production of prostaglandin E2, HRASLS3 indirectly affects lipid metabolism by decreasing lipolysis and promoting triacylglycerol accumulation. Deletion of HRASLS3 prevents weight gain in both mice fed with a high caloric diet and genetically obese animals lacking leptin^[@R11]^. The dominant physiological role of HRASLS3 in lipid metabolism makes this enzyme an attractive target for pharmacologic treatment of obesity and the related metabolic syndrome^[@R12]^.

LRAT-like proteins share a common catalytic domain fold and an unconventional active site featuring a Cys-His-His catalytic triad^[@R13]^. Despite having originated from cell-wall N1pC/P60 peptidases,^[@R5]^ LRAT-like enzymes evolved alternative to peptidases activity^[@R11],[@R13]--[@R16]^. LRAT, a dominant acyltransferase enzyme, catalyzes the formation of retinyl esters by transferring an acyl group from the sn-1 position of phosphatidylcholine (PC) to vitamin A^[@R17]^. In contrast, HRASLS enzymes function as phospholipases A~1/2~, cleaving PC and phosphatidylethanolamine (PE) to generate the corresponding lyso-phospholipids and free fatty acids^[@R14],[@R18]^. These two enzymes also catalyze both *N*-acylation of PE to form *N*-acyl-PE and *O*-acylation of lyso-PC to form PC^[@R13]--[@R15],[@R18]^. Despite high sequence conservation in catalytic domain regions of HRASLS proteins and LRAT, the former cannot utilize vitamin A as an acyl acceptor and lack specificity towards the sn-1 ester cleavage site^[@R13]^ ([Fig. 1](#F1){ref-type="fig"}). These fundamental alterations in the enzymatic activities of closely related proteins do not arise from differences in their catalytic mechanisms,^[@R4],[@R13],[@R16],[@R19]^ raising the question of how nature generates enzymatic diversity from similar structural elements.

To delineate the mechanistic aspects of interfacial catalysis in vertebrate N1pC/P60 enzymes, we identified a 30-amino acid (aa) sequence responsible for acquisition of LRAT enzymatic activity by the HRASLS proteins. Next, we report the 2.2 Å crystal structure of the HRASLS3/LRAT chimeric protein in an acyl-thioester catalytic intermediate state that provides a mechanistic explanation for the altered enzymatic activity. We found that this 30-aa insertion differentiates LRAT from HRASLS proteins by inducing a structural rearrangement associated with domain-swapping dimerization. Evidence is provided that these structural changes directly affect rates of hydrolysis of the thioester catalytic intermediate, enabling effective acyl transferase activity. Thus LRAT-like proteins provide a general mechanism underlying the specificity of enzymes that operate at the membrane/water interface. Moreover, the crystallographic data reported herein represents the first high resolution structural information that sheds light on molecular architecture of LRAT.

RESULTS {#S2}
=======

LRAT-specific sequence changes activity of HRASLS enzymes {#S3}
---------------------------------------------------------

Determination of crystal structures of HRASLS2^[@R13]^ and HRASLS3^[@R13],[@R20]^ allowed a re-interpretation of the sequence alignment of vertebrate LRAT-like protein family members in the context of their structure and membrane topology ([Supplementary Results, Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). LRAT-like proteins revealed an overall common molecular architecture featuring a conserved catalytic domain and a hydrophobic membrane-anchoring region predicted to be a single transmembrane α-helix at the C-terminus. A distinctive feature of the LRAT sequence is an 11-aa insertion within the catalytic domain followed by a 19-aa stretch conserved among LRATs but not homologous with the sequences of other members of this enzyme class ([Supplementary Fig. 1 and 2](#SD1){ref-type="supplementary-material"}). Based on the HRASLS proteins' crystal structures, this 30-aa long domain forms an extended linker between the β3 and β4 strands of the catalytic core of the enzyme ([Fig. 1](#F1){ref-type="fig"}). The hydrophobic nature and overall position of this segment with respect to the lipid membrane suggests that it may be directly involved in the protein-lipid interaction and thus determine the interphase catalytic properties of the enzyme. To test this hypothesis, we took advantage of the high homology between HRASLS proteins and LRAT as well as their common catalytic strategy^[@R4],[@R13]^ to design, heterologously express, and purify three chimeric proteins (HRASLS2/LRAT, HRASLS3/LRAT, and HRASLS4/LRAT) in which the native linkers between β-strands 3 and 4 of the catalytic domains of HRASLS2, 3, and 4 were replaced by the 30-aa sequence characteristic of mouse LRAT ([Fig. 1](#F1){ref-type="fig"}; [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}).

In contrast to LRAT, none of the native HRASLS enzymes accepted vitamin A as a substrate to catalyze retinyl ester formation ([Fig. 2a](#F2){ref-type="fig"}). But strikingly, all of the examined purified HRASLS/LRAT chimeric proteins revealed robust retinyl ester production in a standard enzymatic assay ([Fig.2a and 2b](#F2){ref-type="fig"}). Although the efficiency of the reaction diverged significantly between the chimeras as evidenced by their V~max~ values, their apparent Michaelis constants (K~M~) were identical to those determined for LRAT ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Importantly, the efficiency of retinyl ester production by the chimeric enzymes was proportional to the rates of PC hydrolysis determined for native HRASLS proteins under comparable experimental conditions^[@R13]^. Processing of vitamin A requires interaction of an enzyme with this retinoid substrate. Binding of all-*trans*-retinol was examined by fluorescence methodology and the affinity of this interaction was calculated based on the changes in internal fluorescence of a single Trp residue upon titration with the ligand. Unlike native HRASLS enzymes, the chimeric proteins gained the ability to bind vitamin A with sub-micromolar affinities similar to that calculated for LRAT ([Fig. 2c](#F2){ref-type="fig"}; [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). In a reverse experiment, the 30-aa linker between β3 and β4 strands of LRAT was trimmed to leave only a short sequence of polar residues (NDKERTQK) sufficient to ensure structural integrity. This altered protein retained the ability to hydrolyze PC but did not generate retinyl esters from all-*trans*-retinol ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Together these results demonstrate the critical role of the 30-aa linker sequence for the LRAT activity of this enzyme.

In addition to vitamin A processing, a characteristic property that differentiates LRAT from HRASLS proteins is its absolute specificity towards sn-1 phospholipid ester cleavage^[@R17],[@R21]^. Thus, we next examined the positional specificity of phospholipid cleavage with native and chimeric proteins by using the sn-2 chromophore-labeled lipid substrate, 1-hexanoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl)-sn-glycero-3-phosphocholine (NBD-PC)^[@R13],[@R22],[@R23]^. Identification of the enzymatic reaction products by liquid chromatography-mass spectrometry (LC/MS) and their subsequent quantification based on absorbance at 450 nm revealed that HRASLS2, 3, and 4 did not exhibit regio-specificity with respect to phospholipid cleavage, consistent with previous results^[@R13],[@R14],[@R24],[@R25]^, ([Supplementary Fig. 6 and 7](#SD1){ref-type="supplementary-material"}). However, samples incubated with the corresponding chimeric enzymes contained predominantly products of sn-1 cleavage indicating a dramatic shift in these enzymes' specificity. Importantly, deletion of the linker between β3 and β4 strands in LRAT led to a loss of regio-specificity of acyl cleavage ([Supplementary Fig. 6 and 7](#SD1){ref-type="supplementary-material"}). Thus, incorporation of the LRAT-specific domain into the sequences of HRASLS enzymes altered the phospholipid substrate interaction as well as the overall ester bond cleavage specificity from mixed sn-1, sn-2 site to a nearly exclusive sn-1 site.

Together, these results demonstrate that it is feasible to gain lecitihin:retinol acyltransferase activity by HRASLS proteins by replacing a well-defined portion of these enzymes with a LRAT-specific sequence. Therefore, by using a gain-of-function approach, we identified a 30-aa LRAT domain responsible for this enzyme's regio-specificity for phospholipid cleavage and ability to catalyze all-*trans*-retinol esterification.

Structural rearrangement induced by LRAT-specific domain {#S4}
--------------------------------------------------------

To gain a mechanistic insight into the molecular adaptations that led to the dramatic change in the enzymatic specificity of these chimeric proteins, we determined a 2.2 Å crystal structure for the HRASLS3/LRAT chimeric enzyme in the presence of 7:0,7:0-PC, a phospholipid substrate ([Supplementary Table 1 and Supplemental Fig. 8](#SD1){ref-type="supplementary-material"}).

Gel filtration experiments suggested that the dominant form of the HRASLS3/LRAT chimera in solution is a dimer ([Supplemental Fig. 8](#SD1){ref-type="supplementary-material"}). Consequently, unlike the native HRASLS3 protein^[@R13],[@R19],[@R25]^, the chimeric enzyme crystallized in the form of a homo-dimer with local two-fold symmetry ([Fig. 3a](#F3){ref-type="fig"}). The protein structure revealed two globular catalytic domains separated by two 3-stranded antiparallel β-sheets interacting with each other. An integral part of this linker was the 30-aa LRAT sequence that folds into a β-hairpin motif and constitutes the predominant dimerization interface reinforced by hydrophobic interactions between the side chains of the neighboring LRAT domain β-sheets ([Fig. 3a](#F3){ref-type="fig"}; [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). Interestingly, the dimerization process was accompanied by three-dimensional domain swapping in which the C-terminal α-helix 3 contributed to the structure of the adjacent protomer ([Fig. 3a, b](#F3){ref-type="fig"}). This conformational rearrangement was enabled by the flexibility of a "hinge loop" between α-helix 2 and 3. Instead of turning around to complete the α/β fold of a monomer, it adopted an extended β-strand conformation (β6 in the domain-swapped dimer) and became part of the 3-stranded antiparallel β-sheet that constitutes the linker connecting the two catalytic domains. Stabilization of this newly adopted fold was possible due to extensive hydrogen bonding with the adjacent β-strand 4 that is part of the LRAT-domain β-hairpin fold. Notably, the "hinge loop" length was identical between HRASLS3 and LRAT indicating that native LRAT could easily be envisioned to adopt the same structure. Approximately 2415 Å^2^ of surface area was buried at the dimer interface for each of the monomers. The shape complementary value for the dimer interface was 0.72, indicating a highly complementary interaction comparable to other functionally dimeric enzymes^[@R26]^.

Importantly, the swapped α-helix 3 contained the catalytic Cys125 residue. Thus, each of the two active sites present in the dimer is formed by residues donated from two neighboring polypeptide chains ([Fig. 3c](#F3){ref-type="fig"}). Because the overall structures of the catalytic subunits within the domain-swapped oligomer are identical to that of the native HRASLS3, the active sites remained functional ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). However, the HRASLS3/LRAT chimera revealed important alterations of the active site environment. In contrast to HRASLS3 and HRASLS2 in which the catalytic residues are located in a shallow groove at the periphery of the protein^[@R13]^, the chimeric protein catalytic sites were embedded in a hydrophobic pocket lined by Leu45, 62, 120, Val65, Tyr22, and Pro39 side chains ([Fig. 4a, b](#F4){ref-type="fig"}; [Supplementary Fig. 10 and Supplementary Movie](#SD1){ref-type="supplementary-material"}). Notably, the most hydrophobic Leu and Val residues were part of the 3-stranded antiparallel β-sheet formed by the LRAT domain of a neighboring protomer.

Thus, the LRAT-specific sequence incorporated into HRASLS3 provides a basis for dimerization and a domain-swapping structural rearrangement by forming a major hydrophobic interaction interface between the monomers and by stabilizing the β-strand conformation of the hinge-loop region.

Structural changes affect the enzymatic activity {#S5}
------------------------------------------------

The structural rearrangements described above had important consequences for enzymatic function. These affected the active site environment, protein/lipid membrane interactions, and substrate binding allowing a new enzymatic activity for the chimeric protein. The buried position of the catalytic Cys125 in the chimera suggests that it is less accessible to water molecules and thus the thioester catalytic intermediate is more protected from hydrolysis than in the native HRASLS proteins. To test this hypothesis, we compared the rates of phospholipid cleavage and thioester intermediate hydrolysis in HRASLS3 and the corresponding chimeric enzyme after incubation with 7:0,7:0-PC. The enzymatic reaction velocity calculated for native HRASLS3 was much faster than that of the chimeric enzyme in each of the examined lipid concentrations ([Fig. 4c](#F4){ref-type="fig"}). This difference in reaction rate was accompanied by an increased half-life of the thioester intermediate. LC/MS analyses of the intact proteins revealed that decay of the acyl-enzyme intermediate was much slower in the chimeric protein compared to its native counterpart ([Fig. 4d](#F4){ref-type="fig"}, [Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). The stability of the acylated chimeric protein was sufficient to trap this reaction intermediate in the crystal form of the enzyme ([Fig. 5a, b](#F5){ref-type="fig"}). The positive electron density, clearly seen in the F~o~-F~c~ difference map corresponds to C7 acyl moiety donated by the lipid substrate added to the protein prior to crystallization ([Fig. 5c](#F5){ref-type="fig"}). Despite extensive efforts, trapping acylated HRASLS3 in crystal form was not achieved suggesting that the greater solvent exposure of the HRASLS3 active site cavity promotes accelerated hydrolysis of the thioester bond.

The well-defined all-*trans* conformation of the aliphatic carbon chain is determined by its interaction with hydrophobic residues that formed an envelope around the active site ([Fig. 5](#F5){ref-type="fig"}; [Supplementary Fig. 10 and 12](#SD1){ref-type="supplementary-material"}). The overall size of this pocket was sufficient to accommodate an acyl chain of up to 8--10 carbons. However, the dominant acyl found at the sn-1 position of phospholipids was the palmitoyl moiety comprised of 16 carbon atoms. If the acyl chain length corresponded to that of the natural substrate, it would protrude well beyond the surface of the enzyme and its terminus would presumably remain embedded in the lipid membrane. Consequently, the membrane binding surface must position the hydrophobic active site groove in close proximity to the membrane interface to enable access to lipophilic, membrane-dissolved substrates. This surface thus defines the overall membrane topology of the protein ([Fig. 6a, b](#F6){ref-type="fig"}). The interfacial surface includes β-strands formed by the N-terminal portion of the LRAT-specific sequence (^40^DILLALT^46^). In the dimeric structure, two of these β-strands belonging to the neighboring protomers were oriented anti-parallel to each other and formed a well-defined extended hydrophobic surface at the entrance to both active sites ([Fig. 6c, d](#F6){ref-type="fig"}).

DISCUSSION {#S6}
==========

This biochemical and structural study of human N1pC/P60 proteins revealed an unexpected molecular adaptation that permits diversification of enzymatic specificity among this group of enzymes. Modification of the aa sequence outside of the catalytic core of HRASLS proteins appears to be crucial for adjustment of their enzymatic activity and ability to process vitamin A. The chimeric protein approach ([Fig. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) and examination of an LRAT deletion mutant ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}) demonstrate that a 30-aa LRAT-specific sequence is necessary and sufficient for retinyl ester production but is not required for phospholipid hydrolysis.

Although structural and catalytic similarities between acyltransferases and hydrolases have been recognized, the molecular bases for their differing reactivities were not addressed. Hydrolysis is a common side reaction of acyltransferases, especially in the absence of a specific acceptor^[@R27],[@R28]^. Thus, interactions between the acyl acceptor and the enzyme could contribute to this catalytic promiscuity. But comparison of the active site architecture of acyltransferases suggests that structural features such as orientation of the active site oxyanion loop influence the efficacy of water activation and thus favor acyl transfer over hydrolysis^[@R29]^. However, these mechanisms fail to explain the dramatic difference in phospholipid hydrolysis rates among native HRASLS enzymes and their chimeric counterparts in the absence of an acyl acceptor ([Fig. 4c, d](#F4){ref-type="fig"}). Moreover, prolonged stability of the acylated form of the chimeric enzyme was not accompanied by structural changes within the putative oxyanion hole or the side chains that could affect activation of a nucleophilic water molecule ([Supplementary Fig. 10 and 12](#SD1){ref-type="supplementary-material"}). An alternative explanation for the altered activity could be limited access of water molecules to the active site. This hypothesis is supported by the structural comparison of HRASLS3/LRAT to native HRASLS3 ([Fig. 4a, b](#F4){ref-type="fig"}; [Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). Due to the reduced size of the loop between β-strands 3 and 4 and its flexible conformations as documented by NMR, the catalytic Cys residue is fully accessible to solvent in HRASLS3^[@R19]^. In contrast, the active site environment of the chimera is affected by a hydrophobic pocket that hosts the acyl moiety. The snug fit of the acyl chain further contributes to exclusion of water from the active site groove. LRAT is an integral membrane protein embedded in a phospholipid substrate. Given its constant exposure to acyl donors, this enzyme probably exists predominantly in the acylated form in native lipid membranes. We envision that interfacial protein binding provides an additional "seal" that in combination with the hydrophobic acyl binding channel further limits solvation of the active site. Thus, effective inhibition of thioester hydrolysis becomes the key adaptation that permits the utilization of acyl acceptors other than water or lyso-phospholipids.

Several lines of evidence indicate that the findings from the chimeric protein are directly relevant to native LRAT. The LRAT-specific sequence was necessary and sufficient to confer LRAT activity on the HRASLS proteins. This gain of function result together with the loss of LRAT activity (with retained PC hydrolase activity) when the LRAT-specific sequence was deleted from native LRAT demonstrates the importance of the LRAT-specific sequence in the enzymology of the protein. Moreover, dimerization and domain swapping found in the chimeric enzyme was induced by the LRAT-specific domain, which became an integral part of the dimerization interface. In fact, previous biochemical studies indicate that LRAT forms functional homodimers in microsomes isolated from the RPE as well as in purified and detergent solubilized forms^[@R30]--[@R32]^. Thus it is quite improbable that the same region could assume a radically different structure and function in native LRAT. Lastly, the aa sequence involved in the exclusion of water from the active site of the chimera is unique to LRAT and highly conserved among species indicating that the same molecular mechanism is applicable, regardless of the origin of the enzyme.

Replacement of a sequence between the β3 and β4 strands in the catalytic domain induced a structural rearrangement that formed a 3D domain-swapped dimer with two independent catalytic domains ([Fig. 3c](#F3){ref-type="fig"}). Notably, hydrophobic shielding of the active site of one protomer was accomplished in large part by residues contributed by its dimeric partner. Thus, dimerization appears to be indispensable for LRAT enzymatic activity. A functional role of dimerization would therefore explain the associated C-terminal domain swapping. In addition to the interaction between the LRAT domains, the swapped α-helix 3 and the "hinge" region further contributed to the intermolecular interface ([Fig. 3a](#F3){ref-type="fig"}). This increased area for monomer interactions reinforces the stability of the dimer. Thus, the HRASLS3/LRAT chimera and, by inference, LRAT itself are examples of enzymes that depend on 3D domain swapping for their biological function.

Divergence of enzymes *via* gene duplication, mutation, and selection has led to the present diversity of enzymatic activities and metabolic competence^[@R33]^. The efficiency of this process depends on the ability of nature to modify preexisting common structural and functional features to adopt new roles^[@R34]--[@R36]^. An iconic example of this process is the evolution of enzymes constituting the visual cycle, a metabolic pathway that regenerates visual pigment in jawed vertebrates^[@R37]--[@R39]^. Rather than by an earlier evolutionary photoisomerization, the key activity that enables enzymatic regeneration of 11-*cis*-retinal (visual chromophore) is esterification of vitamin A (all-*trans*-retinol) *via* the action of LRAT, the obligatory source for all-*trans*-retinyl esters for retinoid isomerase (RPE65)^[@R7],[@R40],[@R41]^. The basis for the interfacial enzymatic activity of LRAT can now be inferred from the structure of the HRASLS3/LRAT chimeric protein. Although the examined protein lacks a C-terminal transmembrane helix, the location of trapped acyl moieties in close proximity to a hydrophobic patch on the protein surface provides sufficient information to determine a preferential orientation of these molecules with respect to the phospholipid membrane. Because docking to the active site at the phospholipid bilayer allows substrate accessibility without a thermodynamically unfavorable extraction of lipids from the membrane, we assume that the interfacial binding surface is adjacent to the mouth of the hydrophobic channel ([Fig. 6](#F6){ref-type="fig"}). Although, the primary structural element that allows membrane insertion is generally a C-terminal transmembrane helix, secondary protein-lipid interactions are probably critical for proper active site membrane embedding and could affect substrate specificity. The dominant region involved in lipid interactions is the enlarged hydrophobic patch formed by two Leu- and Ile-rich fragments of the LRAT-specific sequence that belong to its neighboring monomers ([Fig. 6c, d](#F6){ref-type="fig"}). These symmetric and highly hydrophobic β-strands oriented parallel to the lipid-water interface represent an unusual mode of protein-lipid interaction. This hydrophobic plateau domain allows a monotopic mode of interaction that reinforces bilayer binding and possibly allows both catalytic subunits to function concurrently by recruiting substrate from the same membrane. This dominant hydrophobic patch is most likely responsible for interaction of tLRAT with artificial lipid membranes documented by physicochemical methods^[@R42]^.

Although the structure of HRASLS3/LRAT in its acylated form is presumably the most competent to interact with retinoids, it does not provide direct evidence for a vitamin A binding site. Retinoids are relatively large and rigid ligands that typically occupy well-defined binding sites^[@R43],[@R44]^. Lack of such an obvious feature in the chimeric protein indicates that, similar to the phospholipid substrate, all-*trans*-retinol is obtained directly from the lipid membrane and attracted to the active site by hydrophobic interactions with a portion of the LRAT-specific domain. This model could explain the broad LRAT specificity for retinols, including their geometric isomers as well as their derivatives with a modified β-ionone ring and polyene chain^[@R45]^.

In summary, biochemical and structural analyses of vertebrate representatives of the NlpC/P60 protein family offer valuable insights into the molecular adaptations that lead to acquisition of novel substrate specificity by modifying existing structural motifs. We identified a key sequence modification that determines diversification of enzymatic activities within a closely related enzyme family and describe its role at a molecular level. We also provide evidence for the functional significance of 3D-domain swapping dimerization in ensuring a proper active site environment.

ONLINE METHODS {#S7}
==============

Materials {#S8}
---------

cDNAs encoding human HRASLS2, and HRASLS4 (gi:8923526, and gi:149588791) as well as mouse LRAT (gi:12963753, sequence encoding residues 30--186, tLRAT), its deletion mutant (Δ76--81/Δ90--102) and HRASLS2, −3, and −4/LRAT chimeric proteins were chemically synthesized *de novo* (DNA 2.0). A clone of human HRASLS3 (gi:189571621) was received from the American Type Culture Collection. Phospholipids were purchased from Avanti Polar Lipids. Protein crystallization screens were obtained from Hampton Research. All reagents were of the highest purity commercially available.

Expression and purification of LRAT, HRASLS, and HRASLS/LRAT chimeric proteins {#S9}
------------------------------------------------------------------------------

Expression and purification of soluble forms of HRASLS2 (residues 1--129), HRASLS3 (residues 1--132), and HRASLS4 (residues 1--134) enzymes were carried out as described in our previous report^[@R13]^.

To obtain functional LRAT and its deletion mutant, mouse cDNA was subcloned into a pGEX_2T vector (GE Healthcare) using BamHI and EcoRI restriction sites to generate an N-terminal in frame fusion with the sequence encoding glutathione S-transferase. The expressed fusion protein (GST-tLRAT) was purified by the procedure described previously^[@R4]^.

HRASLS/LRAT chimeric proteins were constructed by replacing the native sequence of HRASLS2, 3, and 4 (residues 39 -- 57) with the 30-aa mouse LRAT sequence (^76^DILLALTNDKERTQKVVSNKRLLLGVICKV^106^) ([Fig. 1](#F1){ref-type="fig"}). These chimeric enzymes were expressed as glutathione S-transferase (GST) fusion proteins. cDNAs of HRASLS2, 3, and 4/LRAT were subcloned into a pGEX_2T vector using BamHI and EcoRI restriction sites and expressed in the BL21(DE3) *E. coli* strain. Bacteria were grown in a shaker incubator in the presence of 50 µm ampicillin and protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside. After 5 h at 30 °C, bacteria were harvested and disrupted by osmotic shock^[@R46]^. The crude bacterial lysate was centrifuged at 36,000*g* at 4 °C for 30 min. The buffer composition of the soluble fraction was adjusted to pH 7.4 with 67 mM phosphate buffer and 50 mM NaCl. Then the extract was incubated with glutathione-Sepharose resin (GE Healthcare) for 2 h at 4 °C. The resin was placed in a chromatography column and washed with 10 column volumes of 67 mM phosphate buffer, pH 7.4, and 50 mM NaCl. GST-HRASLS/LRAT fusion chimeric proteins were eluted with 10 mM reduced glutathione in 67 mM phosphate buffer, pH 7.4, and 50 mM NaCl. Protein-containing fractions were pooled and concentrated in a 30 kDa cutoff Centricon (Amicon) to a final volume of 5 mL. The N-terminal GST tag was removed by digestion of the fusion protein with thrombin (2 activity units per 1 mg of protein) at room temperature for 4 h with completion of the digestion monitored by SDS-PAGE. The protein solution was then diluted 10 times with 10 mM MES/NaOH buffer, pH 6.2, 5 mM DTT and loaded onto a HiTrap SP-sepharose column (GE Healthcare). At pH 6.2, HRASLS/LRAT chimeric proteins bound preferentially to the resin whereas the cleaved GST appeared in flow-through fractions. Protein trapped on the SP-column was eluted with a linear gradient of NaCl (0 -- 0.5 M) in 10 mM MES/NaOH buffer, pH 6.2, 5 mM DTT. The purity of fractionated proteins was examined by SDS-PAGE ([Fig. S3](#SD1){ref-type="supplementary-material"}). Fractions containing virtually pure proteins were pooled together, concentrated to \~2 mg/mL in a 10 kDa cutoff Centricon, snap frozen in liquid nitrogen, and stored at −80 °C. The molecular mass and aa sequence of purified chimeric proteins were confirmed by mass spectrometry^[@R13]^.

Retinol acyltransferase enzymatic activity assay {#S10}
------------------------------------------------

Formation of retinyl esters was assayed in 0.2 mL of 10 mM Tris/HCl buffer, pH 8.0, 5 mm DTT, 1% BSA (w/w), and 5 µg of purified proteins at 37 °C. The reaction was initiated by addition of 2 mM 1,2-diheptanoyl-sn-glycero-3-phosphocholine (7:0,7:0-PC) along with all-*trans*-retinol (Toronto Research Chemicals) delivered in 1 µL of dimethylformamide to a final concentration of 20 µM. The reaction mixture was vigorously vortexed, incubated at 37 °C for 1 h, and then quenched with 0.2 mL of methanol followed by retinoid extraction with 0.3 mL of hexane. The composition of organic extracts was analyzed by HPLC on a normal phase silica column (Agilent Sil 5 µm, 4.6 × 250 mm) (Agilent Technology). Retinoids were separated in a stepwise gradient of 2% ethyl acetate in hexane for the initial 10 min and then 20% ethyl acetate for an additional 20 min at a flow rate of 1.4 mL/min. Retinyl ester products were detected, identified, and quantified based on their UV-visible absorbance and comparison of their retention times to those of synthetic standards. For kinetic studies, the initial rates of all-*trans*-retinol esterification were measured at retinoid substrate concentrations ranging between 2 to 200 µM. Incubation times were adjusted for each of the tested enzymes according to their reaction rates (5 min for LRAT, 15 min for HRASLS2/LRAT and HRASLS4/LRAT, and 60 min for HRASLS3/LRAT). Kinetic parameters were calculated based on the nonlinear regression of the experimental data fitted with the Michaelis-Menten model.

All-trans-retinol fluorescence binding *assay* {#S11}
----------------------------------------------

Binding of all-*trans*-retinol to HRASLS and HRASLS/LRAT chimeric proteins was studied by spectrofluorometry^[@R47]^. Measurements were performed with a PerkinElmer Life Sciences LS55 model fluorometer (Watman). Interaction of all-*trans*-retinol with proteins was assessed by monitoring the quenching of protein fluorescence with increasing concentrations of ligand. Samples were excited at 285 nm. Emission spectra were recorded between 300 and 520 nm with bandwidths for excitation and emission set to 10 nm. All titrations were carried out at 25 °C in 20 mM Tris/HCl buffer, pH 8.0, containing 50 mM NaCl and 10% glycerol (v/v). all-*trans*-Retinol was delivered in methanol such that the final volume of this organic solvent did not exceed 0.5% of the sample\'s total volume. All binding data were corrected for background and self-absorption of excitation and emission light^[@R48]^. Apparent K~d~ values were calculated based on nonlinear regression of the experimental data and using one or two site saturation ligand-binding models.

Phosphatidylcholine cleavage and transesterification assay {#S12}
----------------------------------------------------------

7:0,7:0-PC or 1-hexanoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl)-sn-glycero-3-phosphocholine (NBD-PC) at concentrations of 2.0 and 0.1 mM, respectively, was incubated with 5 µg of purified enzymes in 10 mM Tris/HCl buffer, pH 8.0, 1 mM DTT, 5% methanol for 30 min (native HRASLS proteins) or 3 h (chimeras, GST-tLRAT, and Δ76--81/Δ90--102 LRAT deletion mutant) at 30 °C. The lipid composition of the reaction mixture was directly examined by LC/MS. An Agilent Technologies 1100 Series HPLC system equipped with a diode array UV/Vis detector was interfaced with an LXQ mass spectrometer (Thermo Scientific). Substrate and products of the reaction were separated on an XBridge BEH300 C4 column (3.5 µm, 2.1 × 50 mm) (Waters) with a linear (5--100%) gradient of acetonitrile in water developed over 20 min at a flow rate of 0.25 mL/min; both solvents contained 0.1% formic acid. The eluate was first directed into the UV/Vis detector followed by the electrospray ionization probe and mass spectrometer. Products of the enzymatic reaction were quantified based on their absorbance at 460 nm whereas the chemical identities of eluted compounds were confirmed by MS as previously described^[@R13]^.

Self-acylation and thioester intermediate hydrolysis assays {#S13}
-----------------------------------------------------------

Acylated forms of HRASLS3 and its LRAT chimera were readily detected in the presence of short acyl chain PCs by recording their intact protein MS spectra^[@R13]^. One-half a µg of protein was loaded onto an XBridge BEH300 C4 column (3.5 µm, 2.1 × 50 mm) and eluted with a linear gradient (5 -- 100%) of acetonitrile in water as described above. Intact protein masses were deconvoluted manually or by using the ProMass module for Xcalibur software (Thermo Scientific). To determine the apparent stability of the thioester form, enzymes were pre-incubated with 1 mM 7:0,7:0-PC in 10 mM MES-NaOH, pH 6.3, 0.2 M NaCl and 1 mM DTT for 10 min at 25 °C. Then excess PC was removed by loading the protein solution onto a PD-10 desalting column (GE Healthcare) equilibrated with 10 mM Tris/HCl buffer, pH 8.0, 1 mM DTT. Eluted proteins were incubated for various time periods at 25 °C and subsequently snap frozen and stored in liquid nitrogen. Samples were thawed, one by one, directly prior to MS analysis. The fraction of enzymes that remained acylated was calculated based on the ratio between intact protein intensity ions of unmodified and acylated forms of each enzyme.

Crystallization, X-ray data collection and processing {#S14}
-----------------------------------------------------

Crystals of the HRASLS3/LRAT chimeric protein were grown by the sitting drop vapor diffusion method. Prior to crystallization, the protein solution (1.5 mg/ml) in 10 mM MES-NaOH, pH 6.3, containing 0.2 M NaCl and 10 mM DTT was incubated with 10 mM 7:0,7:0-PC for 2 min on ice. Crystallization was initiated by mixing 2 µL of the protein solution with 2 µL of crystallization solution consisting of 0.1 M Tris/HCl, pH 8.5, 0.2 M NaCl, and 20% (w/v) polyethylene glycol 3350. The resulting drops were incubated at room temperature over 0.5 mL of the same crystallization solution. Crystals were typically observed after 10 to 16 h. Most crystals were tetragonal and reached dimensions of 25 to 50 µm. Freshly grown crystals were harvested and directly flash cooled in liquid nitrogen prior to X-ray exposure.

A high resolution data set extending to 2.2 Å resolution was collected at the Advanced Photon Source NE-CAT 24-ID-C beamline. Data were processed by using XDS^[@R49]^ and programs from the CCCP4 suite^[@R50]^. Crystals belonged to space group *P*4~3~2~1~2 and contained two monomers per asymmetric unit ([supplemental Table 2](#SD1){ref-type="supplementary-material"}). The structure of HRASLS3/LRAT was solved by molecular replacement with PHASER_MR^[@R51]^ using the atomic coordinates of HRASLS3 (Protein Data Bank accession code: 4DOT) as a search model. Model refinement was carried out with REFMAC^[@R52]^ and completed and manually adjusted with COOT^[@R53]^. The residual positive electron density that emanated from the active site Cys sulfhydryl was modeled as a covalent heptanoyl thioester group based on its appearance and the surrounding chemical environment. External distance and planarity restraints were applied to the thioester moiety during refinement with REFMAC. TLS modeling of the atomic displacement parameters was applied in the later stages of refinement with groups determined by the TLSMD web server^[@R54]^. The structure refinement converged to an R~free~ value of 24.76% with 97% favored and no Ramachandran plot outliers as assessed with the Molprobity server^[@R55]^. Residues 1 -- 6 in chain A and 1 -- 4, 51 -- 59, and 141 -- 147 in chain B were omitted from the final model because of weak or absent electron densities. Fifty eight water molecules were included in the final model.

Statistical analysis {#S15}
--------------------

Data representing the means ± s.d. for the results of at least three independent experiments were compared by the one-way analysis of variance test.
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aa

:   amino acid

GST

:   glutathione S-transferase

HPLC

:   high performance liquid chromatography

HRASLS

:   H-Ras-like tumor suppressors

LC/MS

:   liquid chromatography-mass spectrometry

LRAT

:   lecitihin:retinol acyltransferase

MS

:   mass spectrometry

NBD-PC

:   1-hexanoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl)-sn-glycero-3-phosphocholine

PC

:   phosphatidylcholine

PE

:   phosphatidylethanolamine

RPE

:   retinal pigment epithelium

RPE65

:   retinal pigment epithelium-specific 65 kDa protein

tLRAT

:   truncated mouse lecitihin:retinol acyltransferase, sequence encoding residues 30 -- 186

![Design of HRASLS/LRAT chimeric proteins\
Although both HRASLS enzymes and LRAT utilize phospholipids as acyl donors, they differ as to the regio-selectivity of ester bond cleavage and acyl acceptor specificity. To construct HRASLS/LRAT chimeric enzymes, the 19-aa loop connecting β-strands 3 and 4 in native HRASLS proteins (aa 41 -- 57) was replaced with the 30-aa LRAT-specific sequence (aa 78 -- 106 in mouse LRAT). The involved protein segments are shown as sequences of blue and red circles, each with the single letter aa code.](nihms626471f1){#F1}

![HRASLS/LRAT chimeras catalyze formation of retinyl esters\
(**a**) HPLC separation of retinoids extracted after a 1 h incubation of all-*trans*-retinol (20 µM) and 7:0,7:0-PC (1 mM) with the tested enzymes. Peaks that correspond to retinyl heptanoate and all-*trans*-retinol are marked with arrows and asterisks, respectively. The chromatogram labeled as HRASLS is representative for HRASLS2, 3, and 4. (**b**) Comparison of the time courses of retinyl ester formation for LRAT and HRASLS/LRAT. Symbols correspond to GST-tLRAT (●), HRASLS4/LRAT (Δ), HRASLS2/LRAT (▼), and HRASLS3/LAT (○). (**c**) Binding of all-*trans*-retinol by HRASLS3/LRAT. Interaction of the retinoid ligand with HRASLS3/LRAT (○) was determined by monitoring the quenching of internal fluorescence from a single Trp residue present in the protein sequence. Blue and red lines represent the 95% confidence intervals and prediction bands, respectively, for data fitted with a two site saturation ligand binding model for specific and nonspecific ligand-protein interactions. Data obtained for native HRASLS3 (●) was used as a control for non-specific binding. Points shown with crossed diamonds correspond to the specific binding component obtained by subtracting the HRASLS3 signal from the HRASLS3/LRAT data. K~d~ values for all-*trans*-retinol binding obtained from all tested chimeric proteins are listed in [Supplemental Fig. 4](#SD1){ref-type="supplementary-material"}. All experiments were repeated three times in triplicate. Data are presented as mean values ± s.d.](nihms626471f2){#F2}

![Crystal *s*tructure of the HRASLS3/LRAT chimeric protein\
(**a**) Ribbon diagram of HRASLS3/LRAT dimer with neighboring protomers colored in orange and gray. The LRAT-specific domain (red) adopts a β-hairpin structure. The superimposed structure of native HRASLS3 (PDB accession: 4DOT) is colored green. Dimerization-induced swapping of C-terminal α-helix 3 is marked with a brown arrow. (**b**) Protein topology diagrams for HRASLS3 and its chimeric counterpart. The scheme illustrates the protein chains' locations in the intertwined dimeric structure and the role of the LRAT domains (β3' and β4') in providing the dimerization interface. (**c**) Configuration of the active sites within the HRASSL3/LRAT dimer. This protein structure reveals two globular catalytic domains linked together by two 3-stranded antiparallel β-sheets interacting with each other. The 30-aa LRAT sequences, colored in red and dark blue, are integral to the dimerization interface. Each active site is formed by residues donated by both members of the dimeric pair as shown in the zoom box.](nihms626471f3){#F3}

![Effect of the structural rearrangement on the enzymatic actiivty\
Cut-away views of the protein surface at the active sites of HRASLS3/LRAT (**a**) and native HRASLS3 (**b**). Protein structures were aligned to ensure identical orientations. The NMR structure of HRASLS3 (PDB accession -- 2KYT) was used for this figure. (**c**) Rates of phospholipid hydrolysis as a function of phospholipid substrate concentration for HRASLS3 (●) and its chimeric counterpart (○). (**d**) Stability of protein thioester adducts. The modified form of HRASLS3 steadily declines in the absence of phospholipid substrate, whereas the HRASLS3/LRAT thioester form remains intact for the duration of this experiment. Data represent mean values from three independent experiments performed in duplicates. Error bars, s.d.](nihms626471f4){#F4}

![The acylated form of HRASLS3/LRAT\
(**a**) Location of the acyl moieties within the HRASLS3/LRAT structure. (**b**) Organization of the hydrophobic pocket embedding the active site. The acyl moiety is represented with atomic spheres. (**c**) Electron density for the Cys125 acyl modification. Gray mesh represents a 2.2 Å resolution σA-weighted 2Fo − Fc electron density map contoured at 1.6σ. The green mesh corresponds to an unbiased σA-weighted Fo − Fc omit electron density map contoured at 3.5σ. The presence of the residual electron density extending from the S^γ^ atom of the Cys residue is highly suggestive of an acyl modification.](nihms626471f5){#F5}

![Phospholipid membrane topology of the HRASL3/LRAT chimera\
(**a**) and (**b**) Ribbon representations of the chimeric enzyme positioned at the lipid membrane viewed parallel and perpendicular to the membrane plane, respectively. Dashed cylinders represent putative positions of the C-terminal transmembrane α-helices (TM) absent in the crystallized protein. The overall topology was inferred from the parallel orientation of the acylated active sites and hydrophobicity of the protein/lipid interface. (**c**) Hydrophobic portion of the LRAT-specific domain with selected non-polar residues proposed to be involved in the lipid membrane interaction. (**d**) Hydrophobicity of the proposed membrane interaction surface. The molecular surface is colored according to the relative hydrophobicity of the side chains. Blue color corresponds to polar, whereas red indicates hydrophobic residues. The central hydrophobic patch corresponds to the membrane interacting region formed by residues indicated in panel c.](nihms626471f6){#F6}
